Introduction
Fibrosis, a frequent and progressive reaction to chronic injury or inflammation, is characterized by the excessive deposition of extracellular matrix (ECM) components eventually resulting in organ dysfunction and failure [83] .
Fibrosis is a leading cause of organ dysfunction and it is hypothesized that approximately 45 % of deaths in westernized countries are associated with fibrosis [101, 110] . Fibrosis is evident in diseases such as hypertension, diabetes, chronic kidney disease, and idiopathic pulmonary fibrosis (IPF). In dermatology, fibrosis is the hallmark component of many skin diseases, including systemic sclerosis, graft-versus-host disease (GVHD), hypertrophic scars, keloids, nephrogenic systemic fibrosis (NSF), porphyria cutanea tarda (PCT), restrictive dermopathy (RD) and other conditions. Some of these fibrotic diseases have profound impact on duration and quality of life [16] . For instance, systemic sclerosis affects approximately 100,000 people in the United States with a median survival time of 11 years [100] . Fibrotic skin disorders may be debilitating and impair quality of life, leading to low self-esteem, social isolation, prejudicial societal reactions, and job discrimination [1, 16, 21, [31] [32] [33] 126] . Subsequently, there is an increased incidence of depression and other psychiatric comorbidities in these patients [73] . Despite this significant burden, there are few FDA-approved anti-fibrotic drugs [42] ; thus, research in this area is critical in addressing this deficiency.
The complex process of fibrosis involves the interaction of various cell types, growth factors, and cytokines. A summary of the mechanisms of fibrosis is presented in Fig. 1 Overview of fibrosis. Fibrosis is triggered by an insult such as damage to the endothelial cells in the vasculature. These damaged endothelial cells secrete cytokines resulting in the recruitment of immune cells. Immune cells produce transforming growth factor (TGF)-beta1, connective tissue growth factor (CTGF), and plateletderived growth factor (PDGF) leading to fibroblast activation, proliferation and differentiation into myofibroblasts. The downstream effect is excessive extracellular matrix (ECM) synthesis and deposition by fibroblasts and myofibroblasts, a hallmark feature of fibrosis. IL interleukin, TNF tumor necrosis factor Fig. 1 . Persistent injury, infection and inflammation are known triggers of fibrosis [112] . These triggers lead to disruption of endothelial cells in the vasculature, a feature associated with the onset of fibrotic disease [71] . Damaged endothelial cells secrete cytokines to recruit and activate immune cells such as neutrophils, macrophages, T lymphocytes and B lymphocytes [71, 111, 112] . These immune cells release key fibrotic growth factors, identified as transforming growth factor (TGF)-beta, connective tissue growth factor (CTGF) and platelet-derived growth factor (PDGF) [71] . TGF-beta1 is a widely recognized factor in organ fibrosis and upregulates the expressions of CTGF and PDGF. The actions of TGF-beta1, CTGF, and PDGF result in the activation and proliferation of fibroblasts and differentiation into myofibroblasts, cells with high proliferative capacity responsible for the excess synthesis and accumulation of ECM that characterizes fibrosis. Furthermore, myofibroblasts express alpha-smooth muscle actin (alpha-SMA) and contract the matrix [71] .
Recent investigations have implicated reactive oxygen species (ROS) in the pathogenesis of fibrosis [5, 17, 69, 80] . The term ROS refers to the following compounds: hydrogen peroxide (H 2 O 2 ), superoxide anion (O 2 -) and hydroxyl radicals [59] . The reaction of these compounds with other biomolecules can generate secondary reactive species: the reaction of hydrogen peroxide with chloride produces hypochlorous acid, and the reaction of superoxide with nitric oxide produces peroxynitrite [59] . ROS is primarily produced by phagocytic cells as a defense mechanism against pathogens. However, in the context of chronic injury, infection, or inflammation, ROS production becomes pathological and may promote key profibrotic processes such as vascular damage, production of the profibrotic growth factors TGF-beta1, CTGF, and PDGF, promotion of fibroblast survival and differentiation into myofibroblasts, and excessive synthesis of ECM proteins.
The multicomponent nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox) enzyme complexes are the major producers of endogenous ROS [14] . Seven Nox enzymes (Nox1-5 and Duox1-2) have been identified in humans [14] . Apart from promoting fibrosis via ROS production, Nox enzymes are involved in various cellular processes, such as thyroid hormone synthesis, wound healing, release of cytokines, cell proliferation, cell mitosis, cell migration and angiogenesis [34, 61, 80, 83] . Nox enzymes may provide a powerful clinical target in the management of skin fibrosis. Furthermore, characterization of the activity of Nox enzymes may provide a new vantage point for studying molecular mechanisms of skin fibrosis. Nox enzymes generally consist of cell membrane and cytosolic components. Structural components of the Nox family are described in Fig. 2 . Nox2 was the first member of the Nox family to be described and is composed of cell membrane subunits (gp91phox and p22phox) and cytosolic regulatory subunits (p40phox, p67phox, p47phox, and Rac1-GTPase) (Fig. 2a) [61] . Nox2, also referred to as gp91phox, is the catalytic subunit and has six amino-terminal transmembrane-spanning segments, conserved histidine residues that bind two hemes, and carboxy-terminal binding sites for flavin adenine dinucleotide (FAD) and NADPH [4, 14] . The activation subunit, p67phox, primarily regulates Nox2 activity.
Upon cell stimulation, Nox2 enzyme complex formation and activation are mediated by initial phosphorylation and conformational change of the p47phox subunit [14] . The p47phox subunit organizes the migration of p40phox and p67phox to the cell membrane and docks through the SRC homology domains to the proline-rich region of the p22phox subunit. Rac1 is recruited independently to the cell membrane and the Nox enzymatic complex is formed [14] . The complex mediates the transmembrane electron transfer from cytosolic NADPH to FAD, that in turn transfers electrons sequentially to the two hemes in the catalytic subunit and ultimately to molecular oxygen (O 2 ) on the opposite side of the membrane to generate the superoxide anion (Fig. 2b) [35] ; Nox1 and Nox5 also produce the superoxide anion [3] . Conversely, Nox4, Duox1 and Duox2 generate hydrogen peroxide from the dismutation of O 2 -; either spontaneously at an acidic pH or catalytically by superoxide dismutase (SOD) [4, 14] .
Similarly to Nox2, activation of Nox1 and Nox3 requires association with p22phox, activator subunit NOXA1 (homologous to p67phox), organizer subunit NOXO1 (homologous to p47phox) and Rac1-GTPase (Fig. 2c) [35, 61] . NOXA1 regulates the activities of Nox1 and Nox3. Each Nox1 and Nox3 also have their own unique six transmembrane-spanning alpha helix catalytic subunit, similar to gp91phox in Nox2 enzyme [4, 35] . In addition, Nox1 and Nox3 interact with tyrosine kinase substrate 4 (TKS4) [14] . Nox4 (Fig. 2d) is distinct from Nox1, 2 and 3 as it only requires the six transmembrane catalytic subunit and p22phox but appears to be constitutively active without the need for activation of other cofactors [61] . In some instances, Nox4 assembles with proteins that enhance its activity, identified as tyrosine kinase substrate 5 (TKS5) and DNA polymerase delta-interacting protein 2 (POLDIP2). Nox5, Duox1, and Duox2 (Fig. 2e, f) differ from other Nox isoforms and contain just the catalytic subunit and additional intracellular Ca 2
? -binding N-terminal cytoplasmic EF-hand domain regions, and are primarily regulated by Ca 2 ? signaling, without the need for assembly with p22phox or cytosolic cofactors [61] .
In this review, we discuss Nox enzymes and their role in skin fibrosis. To the best of our knowledge, there are no published reviews that focus on the role of Nox enzymes in skin fibrosis. We discuss the mechanisms via Nox enzymes that promote skin fibrosis highlighting specific fibrotic skin disorders. Finally, we describe the therapeutic approaches to ameliorate skin fibrosis by directly targeting Nox enzymes with the use of statins, p47phox subunit modulators, or GKT137831, a competitive inhibitor of Nox enzymes. Nox enzymes can also be targeted indirectly via scavenging ROS with antioxidants.
Methods
A review of published literature from 1 January 1980 to present on the role of Nox in skin fibrosis was performed in February 2013 (Fig. 3) . A search of the Medline database using PubMed, EMBASE, Web of Science, Google Scholar and Cochrane databases was conducted utilizing specific keywords or MeSH terms. ''Skin fibrosis'' was combined with: ''NADPH oxidase,'' ''Nox,'' ''Nox1,'' ''Nox2,'' ''Nox3,'' ''Nox4,'' ''Nox5,'' ''ROS,'' and ''oxidative stress.'' Additional search terms on therapeutics include: ''Nox inhibitors skin,'' ''NADPH oxidase inhibitors skin,'' and ''antioxidants skin fibrosis.'' Fibrotic skin disorders were identified by reviewing the textbook Dermatology [18] . The following fibrotic skin conditions were identified: acral fibrokeratoma, amyloidosis, atypical fibroxanthoma, bleomycin-induced skin fibrosis, cutaneous angiofibroma, dermatofibroma, dermatofibroma protuberans, eosinophilia-myalgia syndrome (EMS), eosinophilic fasciitis, epithelioid cell histiocytoma, epithelioid sarcoma, fibroblastic rheumatism, fibroma of the tendon sheath, fibrosarcoma, fibrous hamartoma, GVHD, hypertrophic scars, infantile digital fibroma, infantile myofibromatosis, keloids, lipodermatosclerosis, mixed connective tissue disease, multinucleate cell angiohistiocytoma, NSF, nodular fasciitis, PCT, RD, scleredema, scleredema diabeticorum, scleroderma, scleromyxedema, sclerotic fibroma of the skin, stiff skin syndrome, superficial fascial fibromatosis, taxane-induced skin fibrosis, toxic oil syndrome (TOS), and Winchester syndrome. Each of these disorders was combined with ''NADPH oxidase,'' ''Nox1,'' ''Nox2,'' ''Nox3,'' ''Nox4'' and ''Nox5'' and researched in all the databases mentioned above.
The relevant articles that met the following criteria were selected for inclusion: reviews, guidelines, and research studies on Nox and oxidative stress in skin fibrosis. Papers published in a language other than English were excluded. Additional articles were identified from a review of the bibliography of articles meeting the search criteria.
Results
Our search resulted in 312 articles from the Medline, EMBASE, and Cochrane databases. Google Scholar and Web of Science yielded additional 53 articles for a total of 365 articles (Fig. 3) . After duplicates were removed, a total of 343 articles were considered and screened. 165 articles were excluded after title and abstract screen. Of the remaining 178 articles, 113 were excluded: 34 articles did not investigate Nox-derived ROS, 72 articles did not investigate skin fibrosis and 7 articles in a language other than English. This resulted in 65 articles included in this review: 27 review articles, 34 basic science studies, and 4 clinical studies.
The role of Nox in skin fibrosis
Nox-derived ROS are involved at various levels of skin fibrosis and interfere with redox-sensitive intracellular signaling pathways, including inhibition of protein tyrosine phosphates, activation of certain transcription factors, and modulation of enzymes [4] . Cysteine residues of proteins are important targets of ROS [85] . Nox1, Nox2, and Nox4 have been primarily linked to skin fibrosis and interact with profibrotic cytokines: Nox1 and Nox2 are induced by PDGF in fibrotic skin disorders and Nox4 is induced by TGF-beta to mediate fibrotic effects [83, 87] . Nox enzymes regulate ECM synthesis, ECM degradation and the survival of fibroblasts.
Nox enzymes play a key role in excess ECM protein synthesis via indirectly activating key protein tyrosine kinases [85] . ROS reversibly inactivate cysteine-dependent serine/threonine protein tyrosine phosphatases (PTPs) resulting in increased activity of various kinases (Fig. 4 ) [85] . These kinases include c-jun amino-terminal kinase (JNK), mitogen-activated protein kinases (MAPK), Janus kinase (JAK), c-Src, and extracellular signal-regulated kinases (ERK). As a result, signaling cascade phosphorylation is promoted, transcription factors are induced, and the downstream effect is increased expression of fibrotic genes encoding TGF-beta1, CTGF, and PDGF [83, 85] . Phenotypic modifications expressed as myofibroblast induction and subsequent excessive ECM deposition are associated with skin fibrosis [83] .
Nox enzymes may interfere with ECM degradation (Fig. 4) . ECM degradation occurs predominantly from the actions of matrix metalloproteinases (MMPs) [51, 78] . The majority of MMPs is secreted as pro-enzymes and become activated upon proteolysis of their cysteine-zinc active site in a process termed ''cysteine switch [34] .'' ROS modify the cysteine switch with subsequent MMP activation [34] . Nox enzymes also promote survival of fibroblasts by transiently inhibiting caspases (Fig. 4) . Caspase proteins are involved in the intrinsic apoptotic cell death pathway. ROS may inhibit caspases transiently through reversible inactivation of their cysteine active site [34] . If this process occurs in fibroblasts, they become resistant to apoptosis resulting in persistent matrix deposition, a key feature of skin fibrosis [34] .
Nox enzymes play a central role in several fibrotic skin disorders. Our understanding of their role in skin disorders continues to expand as scientific findings demonstrate their involvement in skin fibrosis. Specific mechanisms of Nox involvement in various fibrotic skin disorders are discussed in the remainder of the section and are summarized in Table 1 . Fig. 4 Mechanistic Involvement of Nox in skin fibrosis. Nox enzymes influence several pathways that result in skin fibrosis. In toxic oil syndrome, 5-VPTA stimulates PKC to activate Nox. Nox enzymes produce ROS that inactivate the proapoptic caspases promoting survival of fibroblasts, the key cell involved in matrix deposition. ROS also inactivates protein tyrosine phosphatases to promote the activities of the tyrosine kinases, JNK, MAPK, JAK, c-Src, and ERK (EGCG modulates the tyrosine kinases). Inhibition of the protein tyrosine phosphatase-1B by ROS increases the activity of the tyrosine kinase, PDGFR. PDGFR's interaction with PDGF further upregulates ERK. Autoantibodies (Ab), identified in scleroderma, stimulate the PDGFR and its downstream pathway, ERK. PDGFR induces Nox1 and Nox2 and autoantibodies enhance this induction. All these tyrosine kinases enhance the transcription of genes involved in skin fibrosis, including TGF-beta, CTGF, PDGF and ECM proteins. ROS promotes the activation of MMPs in the process termed cysteine switch. ROS also upregulates expression of the chemokine ligand-2 (CCL-2) implicated in scleroderma and GVHD; statins antagonize this upregulation. ROS promotes telomere shortening, a process implicated in keloids and RD. 5-VPTA N-(5-vinyl-1,3-thiazolidin-2-ylidene) phenylamine, PKC protein kinase C, PDGF platelet-derived growth factor, PDGFR PDGF receptor, EGCG epigallocatechin-3-gallate, Zn zinc, C cysteine Systemic sclerosis (scleroderma) Nox modulation is a potential target for the treatment of scleroderma. Scleroderma is a complex connective tissue disorder characterized by the excessive deposition of ECM proteins in the skin and internal organs [19] . The pathogenesis of this skin disorder is not fully elucidated but inflammation, autoantibodies, and vasculopathy have been implicated [34, 47, 122] . TGF-beta and PDGF, two key factors upregulated in scleroderma, are affected by Nox enzymes to promote ECM deposition (Fig. 4) [120] .
Oxidative stress, a state of excessive ROS production, may contribute to the pathogenesis of scleroderma [29, 34, 117, 118] . The source of oxidative stress in scleroderma is attributed to ROS production by fibroblasts and activated leukocytes via Nox enzymes [29] . One study found that ROS are important for skin fibroblast proliferation and the expression of type I collagen in scleroderma [84] . Animal models suggest that ROS induce EC damage, a process linked to the onset of systemic sclerosis, and upregulate TGF-beta1, collagen, and the myofibroblast marker, alpha-SMA [10, 48, 114, 120] .
Nox enzymes are also involved in the recruitment of inflammatory cells in scleroderma via induction of chemokine ligand (CCL)-2, a chemoattractant for monocytes and T lymphocytes [116] . Furthermore, in vitro studies reveal that CCL-2 upregulates the expression of type I collagen messenger RNA (mRNA) and enhances the expression of MMP-1, MMP-2, and tissue inhibitor of metalloproteinase (TIMP)-1 in cultured skin fibroblasts [116] . CCL-2 has been associated with other human fibrotic conditions and considering the multiple roles of CCL-2 in skin fibrosis, it presents an attractive therapeutic target in skin fibrosis.
The profibrotic PDGF and its receptor, PDGFR, are other substrates of Nox enzymes [68, 96] . PDGF's binding to PDGFR triggers phosphorylation and activation of the receptor. Excessive phosphorylation is mitigated by the phosphatase, PTP-1B [96] . However, Nox-derived ROS inactivates PTP-1B, leading to unregulated activation of PDGFR, induction of the ERK1/2 pathway, and downstream elevation of type I collagen [96] . Therefore, restoring PTP-1B activity via Nox inhibition may be useful in sustaining homeostasis in the PDGF pathway associated with skin fibrosis.
These observations highlight the importance of Nox enzymes in systemic sclerosis and may potentially lead to the development of Nox-based anti-fibrotic therapies. This field of study is crucial as there are currently limited agents to treat the cutaneous fibrosis associated with scleroderma [42] . Furthermore, by investigating the role of Nox enzymes in systemic sclerosis, new clues on the pathogenesis of the disease may be elucidated.
Chronic graft versus host disease
Nox-derived ROS contribute to skin fibrosis in GVHD, a similar disease to systemic sclerosis [50, 127] . GVHD arises as a complication of allogeneic hematopoietic stem cell transplantation (HSCT) and occurs in a significant percentage (20-70 %) of subjects surviving more than 100 days [93, 114] . GVHD represents the major cause of late death in this group of patients and is often associated with severe impairment of quality of life in survivors [93] . Cutaneous scleroderma-like changes represent a devastating morbidity for patients [55] . Many of the other manifestations of GVHD share clinical characteristics with scleroderma including fibrosis of visceral organs [50] ; and much like systemic sclerosis, there are limited treatment options for GVHD. It is recognized that Nox enzymes play a role in GVHD. The sources of Nox-derived ROS in the disease have been linked to activated CD4
? T lymphocytes and plasmacytoid dendritic cells [50] . Like scleroderma, ROS upregulate the expression of CCL-2 in the dermal fibroblasts of GVHD patients (Fig. 4) . It is suggested that autoantibodies exist in GVHD and stimulate ROS production [93] . These autoantibodies (Fig. 4) recognize PDGFR and induce tyrosine phosphorylation of the receptor [93] . Furthermore, the autoantibodies induce ROS in fibroblasts and stimulate the expression of type I collagen gene through the Ha-Ras-ERK1/2-ROS signaling pathway [93] . The biologic activity of these autoantibodies and their interaction with ROS suggests a role in the development of skin fibrosis [93] . The presence of these receptor autoantibodies in scleroderma is not fully established as one study demonstrated the existence of these autoantibodies in the disease, however, another study failed to replicate this finding [7, 24] . In addition, a recent study on the presence of PDGFR antibodies in patients with chronic GVHD failed to show an association between autoantibody levels and disease severity [90] .
Nox modulators may potentially aid the management of GVHD and improve patient survival. Further investigations on therapies directed toward CCL-2 and autoantibodies may lead to therapeutic breakthrough. It may be worthwhile to elucidate the involvement of Nox enzymes in GVHD immune response, particularly B-cell activation and production of antibodies. Furthermore, clarifying the role and mechanisms of autoantibodies in systemic sclerosis and GVHD may be useful in establishing differences between the two diseases and may reveal how these differences can be harnessed therapeutically in the management of the diseases.
Hypertrophic scars
Hypertrophic scars are common, ensuing from injuries involving the deep dermis [53] . As a general feature of fibrosis, there is excessive accumulation of collagen in hypertrophic scars. One of the final steps in the synthesis of collagen is cross-linking which can occur via one of two routes: allysine or hydroxyallysine [99] . Cross-linking in the skin normally occurs via the allysine route [99] . However, in skin fibrosis, there is a switch to the hydroxyallysine route resulting in the formation of pyridinoline cross-links [99]. These pyridinoline cross-links are resistant to degradation leading to the persistence and accumulation of collagen that characterizes fibrosis [99] . Hence, pyridinoline cross-link formation is often viewed as a marker of fibrosis irreversibility and is associated with various skin fibrotic diseases (hypertrophic scars, keloids, systemic sclerosis, and lipodermatosclerosis), [6, 20, 43, 72, 82, 98] as well as pulmonary, hepatic, and renal fibrotic diseases [60, 81, 99] . Given their widespread nature, pyridinoline cross-links are believed to be a general fibrotic phenomenon [82, 99] .
There is an evidence that Nox enzymes are responsible for the formation of pyridinoline cross-links in hypertrophic scars as pyridinoline cross-links were formed in normal human skin tissue ex vivo (from post mortem or plastic surgery waste specimens) after exposure to Nox-derived ROS [104] . The involvement of ROS is further supported by the finding that catalase, an antioxidant, was effective at scavenging hydroxyl radicals in dermal fibroblasts and significantly reduced pyridinoline cross-link formation [105] . It is likely that Nox enzymes also perpetuate the formation of pyridinoline cross-links in other fibrotic disease states. Considering that pyridinoline cross-links impact various fibrotic diseases, investigating how inhibition of Nox-induced ROS may prevent the formation of these cross-links may transform the management of skin fibrosis and fibrosis in general.
Keloids
Keloid scars are another fibrotic disorder where Nox modulation may be therapeutic. Keloid scars are a type of fibroproliferative skin disorder resulting from abnormal wound healing response to an injury [49] . The etiology of keloids is not fully understood and keloids can be challenging to manage [49] . Evidence suggests that ROS may be involved in the pathogenesis of keloids as studies reveal a significant increase in ROS generation in keloid fibroblasts [27] . These ROS are hypothesized to contribute to the inflammatory status of the disease [27] .
To better understand the etiology of keloids, one study investigated the effect of ROS on telomeres in keloids [27] . It was discovered that the activity of telomerase, an enzyme that normally counteracts telomere shortening, was absent in keloid tissues and was linked to increased ROS generation. The role of telomere shortening in skin fibrosis has not been established, but in the lungs, telomere shortening is hypothesized to promote fibrosis by causing the death of stem cells and alveolar type 2 cells [62, 79, 112] . It is possible that telomere shortening also promotes injury that initiates the process of fibrosis in keloids. Further investigations are needed to fully delineate how Noxderived ROS may be involved in keloids and how ROSinduced telomerase impairment may be targeted to effectively manage this treatment-resistant disease.
Nephrogenic systemic fibrosis
NSF is a multisystemic disorder with associated skin fibrosis. NSF develops after exposure to the magnetic resonance imaging contrast agents in the setting of impaired glomerular filtration rate. This disease has been linked to Nox activity. In a study using a rodent model of NSF, there was increased superoxide anion production in the skin and this was correlated with an increase in Nox4 [103] . Nox4 is believed to be dominant isoform in NSF as the activities of Nox1 and Nox2 were negligible [103] . Furthermore, preincubation with the antioxidant, SOD, abrogated the increased ROS production [103] . Although the study was conducted on animals, it further supports the involvement of Nox in skin fibrosis and suggests that Nox inhibitors and antioxidants may be important treatments in the management of fibrotic skin diseases.
Porphyria cutanea tarda
PCT is a metabolic disorder of heme biosynthesis caused by decreased activity of uroporphyrinogen decarboxylase and concomitant increase in circulating porphyrins [13] . PCT is manifested by skin fragility, erosions, bullae, milia and scars on sun-exposed skin [13] . Nox enzymes may be involved in the pathogenesis of PCT as it was discovered that the ROS, O 2 -and H 2 O 2 , are produced in PCT [17] . The ROS mediate the skin fibrosis in PCT and various antioxidants (vitamins C and E, lycopene, and beta-carotene) successfully inhibited porphyrin-induced cellular phototoxicity [17, 77] . More research is needed to fully elucidate the involvement of Nox enzymes in the pathogenesis of PCT. It was noted that 2-3 % of PCT patients exhibit scleroderma-like lesions [13] .
Restrictive dermopathy RD is a rare lethal genetic disorder that is characterized by congenital tautness of the skin with associated fibrosis of the dermis [107, 123] . This skin disorder has been linked to mutations in the lamin A gene and recent data suggest a relationship between lamin mutations and ROS accumulation via Nox4 [88] . Elevated ROS levels in RD are linked to fibroblast telomere shortening (Fig. 4) , however, the impact of this finding on the cutaneous fibrotic feature of the disease has not been demonstrated [88] .
Taxane-induced skin fibrosis
Taxane is a chemotherapeutic agent and has been linked to skin fibrosis, especially with prolonged exposure at higher doses [44, 65] . This may be explained by the fact that taxane induces and enhances Nox activation by stimulating the translocation of Rac1 to the cell membrane [3, 22] . It is hypothesized that the disturbance of microtubule polymerization by taxane affects the migration of Rac1 to the cell membrane and enhances its stability in the active Nox complex [3] . Interestingly, low-dose paclitaxel has been found to lessen skin fibrosis in mice by suppressing Smad2 and Smad3 phosphorylation and collagen deposition [65] . We hypothesize that this anti-fibrotic phenomenon occurs secondary to the stimulation of endogenous antioxidants in response to the oxidative stress created by the low-dose exposure to taxanes.
Bleomycin-induced skin fibrosis
Bleomycin is another chemotherapeutic agent known to trigger skin fibrosis. Bleomycin is commonly used to induce skin fibrosis in animal models of fibrosis [116] . Bleomycin stimulates Nox-derived ROS generation which upregulates type I collagen, alpha-SMA, myofibroblast differentiation and TGF-beta1 resulting in the induction of sclerodermalike skin fibrosis [34, 67, 116, 119, 120] . Investigations suggest that CTGF is required for bleomycin-induced skin fibrosis in mice [64] . Therefore, blocking CTGF directly, or inhibiting ROS upregulation of CTGF, may prove beneficial in treating bleomycin-induced skin fibrosis.
Toxic oil syndrome and eosinophilia-myalgia syndrome TOS was associated with the consumption of adulterated rapeseed oil distributed in Spain in the early 1980s [40, 63] . Many years after exposure, patients developed cutaneous manifestations characterized by indurated plaques of the pretibial areas, and occasionally, the forearms and abdomen, with marked fibrosis extending into the subcutaneous fat [63] . N-(5-vinyl-1,3-thiazolidin-2-ylidene)phenylamine (5-VPTA) has been suggested as one of the etiologic agents of TOS [27] . 5-VPTA stimulates protein kinase C activity that phosphorylates and activates Nox (Fig. 4) [39] . Potential pathogenic links between TOS and EMS have been suggested. EMS, like TOS, is a fibrosing skin disorder with associated eosinophilic infiltration [63] . EMS has been associated with the ingestion of large amounts of Ltryptophan [63] . Increased consumption of L-tryptophan results in increased levels of its metabolite, NADPH, and may increase the activity of Nox enzymes approximately 1.5-fold [74] . The involvement of NADPH and Nox activity in the metabolism of L-tryptophan is featured in Fig. 5 . While these two diseases are less common, the role of Nox enzymes in the pathogenesis highlights the importance of Nox enzymes in skin fibrosis.
The role of Nox in the fibrosis of other organ systems
Nox enzymes play a role in the fibrotic processes of several other organ systems. Similar to the skin, Nox1, Nox2, and Nox4 are also major contributors of fibrosis in other organ systems. Studies demonstrate that mice with deletions of p47phox were protected against bleomycininduced lung and liver fibrosis suggesting Nox-mediated fibrotic injury in the tissues [54] . It was also shown that ROS stimulate myofibroblasts differentiation and death of epithelial cells in the lungs [59] . Furthermore, fibroblasts isolated from the lungs of patients with IPF generated increased H 2 O 2 in response to TGF-beta1 and induced death of the respiratory epithelial cells [59, 102] . ROS are the predominant insult to the kidney contributing to glomerulosclerosis and tubulointerstitial fibrosis [36, 54] . There is also evidence of Nox involvement in heart: TGF-beta1 stimulates Nox4 generation of ROS leading to increased expression of ECM proteins (collagen and fibronectin), CTGF and differentiation of fibroblasts into myofibroblasts [26] .
There is significant crosstalk between the renin-angiotensin-aldosterone system (RAAS), Nox and TGF-beta1 in organ system fibrosis mediated by the activities of Nox1, Nox2 and Nox4 [2, 14, 37, 91, 94, 97, 106, 108] . Angiotensin II of the RAAS is believed to elicit fibrotic effects by inducing Nox activity, stimulating TGF-beta1 production and promoting the proliferation of fibroblasts and differentiation into myofibroblasts [37] . In the liver, angiotensin II induces hepatic fibrosis via TGF-beta1 stimulation, Nox activation, and collagen upregulation in hepatic stellate cells, the primary cells involved in hepatic fibrosis [8, 9] . There is also crosstalk between angiotensin II and TGFbeta1 and Nox enzymes in cardiac and renal fibrosis [37, 91, 94, 106, 108] . Nox modulators represent potential therapeutic modalities to treat fibrosis in other organ systems.
Nox-associated therapeutic agents in skin fibrosis
The therapeutic potential of inhibiting Nox enzymes to modulate skin fibrosis has gained the attention of the pharmaceutical industry. The complex activation mechanism provides several opportunities to target these enzymes (Fig. 6) . Inhibiting the migration of cytosolic subunits to the cell membrane can attenuate the activation of Nox enzymes. We hypothesize that an alternate strategy may encompass preventing the interaction of p47phox with other subunits. Another possibility is the competitive inhibition of Nox enzymes with molecules mimicking NADPH. Several current pharmaceuticals (statins), small molecule inhibitors, peptides, and antioxidants have been identified and are being investigated for their potential use in organ fibrosis ( Table 2) . 
Statins
The translocation of the cytosolic subunit, Rac1, to the cell membrane is an important process in Nox enzyme activation and ROS generation with statins executing their antifibrotic effect by impeding Rac1 translocation (Fig. 6 ) [57] . It is hypothesized that some of the beneficial effects of statins in lowering cholesterol may be due to the inhibition of vascular Nox [59] . To elucidate the effect of statins in skin fibrosis, pravastatin was studied in an in vivo BALB/c mouse model of chronic GVHD induced by allogeneic HSCT [117, 121] . Mice treated with pravastatin following transplantation exhibited significantly reduced CCL-2 expression (Fig. 4) , dermal thickening, dermal collagen deposition, and skin inflammation in comparison to untreated mice [121] . Although this is a murine model, the data suggest that statins may demonstrate anti-fibrotic properties in skin. In addition to GVHD, statins may also be useful in patients with scleroderma where upregulated CCL-2 expression has been identified. Since statins are an established therapeutic option for cardiovascular disease with known pharmacologic safety profile, statins may represent an easily translatable treatment for skin fibrosis. Optimal method of statin delivery to skin (topical versus oral), statin type and dosing also need to be determined.
The p47phox subunit modulators
The inhibition of the organizer subunit, p47phox, represents a strategy in modulating skin fibrosis and is a target of several small molecules and peptides (Fig. 6) . Apocynin, DPI, AEBSF, and S17834 are small molecules with activities against p47phox and block its interaction with other enzymatic subunits [86] . Apocynin, DPI, and AEBSF are widely used in studies to inhibit Nox activity as evidence of the involvement of Nox enzymes in various physiological and pathological conditions. However, the potential use of these small compounds as treatments for fibrotic diseases is limited as they lack specificity and influence the activation of several other enzymes [4, 109] . Furthermore, it has been shown that apocynin functions as an antioxidant rather than a Nox inhibitor in non-phagocytic cells [41] , DPI possesses undesirable hypoglycemic properties and AEBSF has very weak potency making them unattractive therapeutic options [15, 59] . S17834 was found to inhibit Nox enzymes and superoxide anion production in endothelial cells in vitro [59] . One study found S17834 to be beneficial in hyperlipidemia and atherosclerosis in a diabetes mouse model although this finding was not directly linked to Nox inhibition [124] . There is insufficient evidence to assess the efficacy of S17834 as a Nox inhibitor [59] .
Considering the non-specificity of these small molecule inhibitors, attention has shifted to peptides. Peptides have the advantage of generally being more specific than small molecule inhibitors. The peptide-based inhibitors, gp91ds-tat and PR39, targeting p47phox have been identified. However, they are also unlikely to translate into clinically useful drugs as they lack oral bioavailability and have low stability [86] . Furthermore, PR39 is not completely specific for Nox enzymes and may influence other proteins possessing the SRC homology domain. The use of these peptides may be limited to parenteral administration [86] .
Competitive inhibitors of Nox enzymes
Competitively inhibiting molecules involved in the Nox enzymatic process are another therapeutic strategy. A competitive inhibitor, GKT137831, has been identified [38] . This small molecule structurally mimics NADPH and is selective for Nox1 and Nox4 (Fig. 6 ) [38, 87] . GKT137831 is the first inhibitor fulfilling the key requirements needed in a Nox inhibitor, including high oral bioavailability, suitable toxicity profile, specificity for Nox enzymes, selectivity for Nox isoforms, and lack of antioxidant activity [58] . GKT137831 established a model for the discovery of other competitive inhibitors of Nox enzyme class of drugs and is currently under investigation in a phase I clinical trial for the treatment of diabetic nephropathy [38, 52, 57, 87] . GKT137831 has been found effective in several preclinical disease models, including diabetic nephropathy, atherosclerosis, IPF, liver fibrosis, and angiogenesis. Selectivity of GKT137831 for the fibrotic Nox isoforms, Nox1 and Nox4, makes GKT137831 a promising therapeutic option for fibrotic skin diseases.
Nox inhibitors with unspecified mechanisms of action
Other Nox inhibitors have been identified although their mechanisms of action have not been fully elucidated. These inhibitors include VAS2870 and fulvene-5 [57, 86] . VAS2870 is hypothesized to inhibit the assembly of Nox enzymes following translocation of the cytosolic subunits to the cell membrane [4] . VAS2870 prevented ROS generation in endothelial cells in response to oxidized lowdensity lipoprotein [92] . While VAS2870 does not have high potency, it is proposed that modification of the chemical structure may strengthen potency and permit specificity in targeting Nox isoforms [59] . Fulvene-5 is another inhibitor that successfully inhibited endothelial cell ROS production by Nox2 and Nox4 in an in vitro model of hemangioma [12] . Data on the efficacy of fulvene-5 are limited as there is only in vitro support for its use. Characterizing the mechanism of action may be an important step in elucidating the potential of fulvene-5 in disease management.
Antioxidants
Restoring cellular redox homeostasis with the application of antioxidants represents a therapeutic strategy against the oxidative stress created by Nox enzymes in skin fibrosis (Fig. 6 ) [85, 89] . Vitamins C and E are widely recognized as antioxidants although they appear to have less promising roles in the modulation of skin fibrosis. Clinical investigations of oral vitamins C and E supplementation in scleroderma patients yielded limited benefits [25, 69] . Nonetheless, there may be a potential for these vitamins to be efficacious when combined with other anti-fibrotic agents. One study evaluated the combined use of vitamin E and pentoxifylline, a theobromine methylxanthine analog with an unknown pharmacological effect that has been shown to inhibit the proliferation of human-derived fibroblasts in keloids and scleroderma [11, 28] . In this small clinical investigation, there was significant reduction in skin thickness of patients and minimal-associated side effects [28] . In the future, studies may evaluate the combined use of vitamins and Nox inhibitors for possible synergistic effects. There are also various topical antioxidants used for anti-aging and anti-cancer purposes that may possess anti-Nox functionality. Research may be directed at eliciting these potential underlying Nox inhibitory activities. Perhaps in the future, topical anti-Nox pharmaceuticals may be of substantive use in combating fibrotic skin disorders. A common problem that often arises with vitamins is the potential for adverse effects when ingested at high levels. The botanically derived antioxidants resveratrol, epigallocatechin-3-gallate (EGCG) and caffeine do not have this risk and may present a therapeutic avenue in the management of skin fibrosis. Resveratrol is found in red wine and in many plants, including skin of grapes and mulberries and EGCG is found in green tea extracts [29, 66] . In vitro data revealed that resveratrol, EGCG alone, and in combination with caffeine, modulate ROS in human skin fibroblasts [45, 46] . Resveratrol modulates telomere length and may be useful in the management of keloids where telomere shortening has been identified [113] . EGCG also regulates several organ fibrotic processes such as ECM protein synthesis, ECM degradation by MMPs, the profibrotic growth factor CTGF and fibroblast differentiation into myofibroblasts [23, 30, 56, 70, 76, 95, 125] . Furthermore, EGCG can counteract TGF-beta-induced ROS and suppress TGF-beta signaling in human dermal fibroblasts [30, 56] . Expanding these findings to clinical trials may help in clarifying the role of resveratrol and EGCG in skin fibrosis.
Another approach in treating skin fibrosis is to target synthetic antioxidants. Edaravone and ebselen are two synthetic antioxidants demonstrating promise in this respect. In a murine model of scleroderma, edaravone significantly reduced dermal thickening and fibrosis, infiltration of inflammatory cells into the skin, and production of H 2 O 2 and TGF-beta1 [122] . Another murine study demonstrated that ebselen inhibits the activation of Nox enzymes and blocks the infiltration of leukocytes into the skin leading to the attenuation of H 2 O 2 level [75] . Future studies will need to carefully elucidate the potential adverse effects that may be associated with these synthetic antioxidants.
There are several barriers to the development of Nox modulators. Considering that Duox1 and Duox2 are involved in thyroid hormone synthesis, hypothyroidism is a potential side effect which can be treated with hormone replacement therapy. Furthermore, inhibition of the phagocyte innate immune response from Nox2 inhibition may increase susceptibility to infections [59] . In the development of Nox modulators, selectivity will be needed to avoid unintentional effects on Nox2, Duox1 and Duox2. Selectivity is a significant obstacle to the development of Nox-based drugs. While peptides are generally more selective than small molecules, delivery of peptides remains a significant challenge. A potential strategy is to screen libraries of currently available drugs and antioxidants for Nox modulation, as this may be a more effective way of identifying Nox inhibitors rather than developing new drugs.
Conclusion
Nox enzymes are expressed in the skin and generate ROS not only in physiologic processes but also contribute to pathologic processes. Nox enzymes are important in dermatology because they are key modulators of signaling pathways involved in skin fibrosis. Nox enzymes play a role in a variety of fibrotic skin diseases, including scleroderma, GVHD, keloids, hypertrophic scars, NSF and other fibrotic skin disorders. Modulation of Nox enzyme activity and restoration of redox homeostasis with anti-Nox pharmacotherapy has the potential to re-establish the normal wound healing process and ameliorate fibrosis. We believe that Nox modulators are worthy of further investigation and have the potential to transform the management of skin fibrosis by dermatologists.
